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Abstract. In this paper, we study the problem of positioning copies of
shared data structures to reduce power consumption in real-time sys-
tems. Power-constrained real-time systems are of increasing importance
in defense, space, and consumer applications. We describe our energy
consumption model and present numerical results linking the placement
of data structures to energy consumption.

1 System Model

This paper explores the power ramifications of various task assignment heuris-
tics as well as network topology/routing issues. We study distributed real-time
systems, with each node having a private memory and each task having a worst-
case execution time and deadline. If two tasks reside on different processors then
the communication power cost depends on the routing algorithm and topology.
The objective is to study the impact of a particular assignment-topology-routing
combination on power consumption. To save energy, part of a remote task’s data
structure may be replicated closer to the consuming node(s). The aim is to find
the ideal degree of replication. Increasing the replication increases local memory
size and its energy consumption, while decreasing the volume of network trans-
fers and the associated power consumption. Therefore a “sweet spot” may exist,
beyond which increasing the degree of replication increases the energy consump-
tion. More formally, the total energy consumed, denoted by E, is:
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Here, E; is the energy consumed in executing the i-th task, eyrie and €,eqq
are the memory energy consumption per write and read access, esqric is the
memory static energy consumption, e,.; is the energy cost of a per-hop data
transfer per-bit, Ny pite; and Npeqq, are the number of local memory write and
read accesses of task i respectively and Npeq,; is the number of remote accesses
from task ¢ to task j.
If the two tasks i and j are assigned to the same node then, Nyet;; = 0.
Memory consistency is preserved by updating all the replicated copies of a data
item when a task writes a shared data item to its private memory. For typical
programs the writes are at most 15 percent of reads. This characteristic facili-
tates the usefulness of replication.
All links are assumed to be of the same type, i.e., the link power consumption
to transfer one byte is the same for all links. Various routing strategies such as
broadcasting or flooding are also implemented in the model. As for the case of
multicasting, efficient multicasting algorithms rely on building and trimming a
minimum spanning tree [3]. However, this is not optimal from a power point of
view since it builds a minimum spanning tree for all the nodes instead of the
subset of nodes in the multicast group. To obtain a better solution, we have
developed an energy-saving Steiner tree heuristic for systems with multiple mul-
ticasting requirements. Given a weighted graph G, the Steiner tree problem is
to find a tree that spans a specified subset of nodes of G with minimal total
distance on its edges. Various distinct trees that span the same subset of nodes
of G can be constructed and one can select the tree that has less total edge
cost than that of the other trees in the set. Since the problem is NP-complete,
heuristics are needed. We have adapted such a heuristic [5] for our purposes.
The heuristic finds a solution with total distance no more than 2(1 — 1/k) times
that of the optimal tree in time O(pn?). Here, n is the number of nodes in G, p
the number of Steiner points and k the number of leaves in the optimal Steiner
tree. A short description of the Steiner heuristic algorithm is given in Figure 1.
For intertask-communication-bound real-time systems, the allocation of tasks
to nodes can also have a significant impact on power. We use a steepest-descent
heuristic[2] for power-aware task allocation. The heuristic starts from an initial
allocation and then reallocates that pair of tasks to the same node which results
in the largest decrease in the energy consumption from among the set of candi-
date task pairs. This reallocation is done iteratively until the energy saving is
below a given threshold. Thus, the heuristic tends to assign tasks which com-
municate heavily to the same node.

2 Numerical Results

For the results in this section, unless otherwise noted, the number of tasks is 10
and the task execution times, periods as well as intertask communication sizes
are random. The number of nodes is 4, the write-to-read power ratio is 1.22,
8% of the memory operations are writes and 92% are reads, and per-hop remote



Step 1. For every multicast group repeat steps 2 through 6.

Step 2. Construct the complete graph H from G and S in such a way that
the set of nodes in H is equal to S; for every edge (u,v) in H, the distance
of (u,v) is set equal to the shortest path between v and v in G.

Step 3. Find a minimum spanning tree Ty of H.

Step 4. Replace each edge (u,v) in Ty by the shortest path between v and
v in Gj the resulting graph R is a subgraph of G.

Step 5. Find a minimum spanning tree T of R.

Step 6. Delete edges in T, if necessary, so that all the leaves in T are
elements of S. The resulting tree is returned as the solution.

Fig. 1. The Steiner heuristic algorithm

access energy cost is three times that of a local access energy cost.

2.1 Effect of Application Write Ratios

We begin by considering a situation in which each node keeps a fraction of the
global data structures in its private memory.

Figure 2 illustrates the effect of changing write ratios on power. As can be seen
from the figure the optimum energy point shifts towards lower replication as
the write percentage gets higher. Another observation is that as the degree of
replication gets higher the energy consumption increases sharply for higher write
ratios. This stems from the memory consistency constraint and is caused by the
need to update all the replicated copies of a data item that has been modified
by the local task.

2.2 Impact of Per-hop Transfer Cost

The per-link power cost per bit transferred depends on the interconnection hard-
ware used. For example, a wireless link may consume less power than a twisted-
pair link. If the real-time system designer has multiple options for choosing inter-
connection hardware, he/she can find the optimum degree of memory replication
for each option. Figure 3 illustrates this. Here the per-hop energy consumption
varies from being equal to memory energy consumption per operation to four
times that of the memory energy consumption per operation. We observe that
the optimum energy point shifts toward higher degrees of replication as the per-
link power consumption is increased. Also, the system energy consumption starts
converging at higher degrees of replication. This phenomenon is due to the fact



that most of the data is locally replicated, thus decreasing the sensitivity of total
energy consumption to the per-link power cost.
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Fig. 2. Effect of write ratios on energy Fig. 3. Effect of per-link power on energy

2.3 Task Allocation and Network Topology

Figure 4 shows the energy consumption impact of the task allocation scheme by
comparing the previously mentioned power-aware optimization heuristic with
a simple, power-blind round-robin scheme. The resulting saving in energy con-
sumption emphasizes the importance of the task allocation step.

Network topology and routing are also important design considerations in real-
time design. Figure 5 shows the energy comparisons of two different choices, a
16-node mesh topology and a 16-node torus topology. The extra wraparound
edges of the torus result in lower energy consumption, but the energy difference
between the two topologies is not very large.

2.4 Routing Issues

Multicasting has received little attention in real-time systems but is an important
problem: sensors providing data to multiple processes and process outputs driv-
ing redundant actuators can all benefit from efficient multicasting algorithms.
For the baseline case, we implemented the minimal spanning tree truncation
scheme [3]. As mentioned in the previous section, we have developed a better
multicasting scheme which makes use of a Steiner tree heuristic to find a path
with the minimum cost among the multicasting nodes. Figure 6 shows the en-
ergy comparison of the two approaches. Here the number of nodes is 16 and the
number of tasks is 40.
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Fig. 5. Topology choice and energy

The routing capabilities of a Real-Time Operating System (RTOS) determines
the power impact of multicasting tasks. A minimalist micro-kernel RTOS might
just supply a simple flooding model. In this model the multicast message is sent
to all the nodes in the system. A slightly more sophisticated RTOS would do a
broadcast by sending a unique message to each of the multicast nodes. Broad-
casting is considered to be more efficient than flooding [4]. However, as seen
in Figure 7, flooding surprisingly does better than broadcasting from an energy
point of view. This is because only a single copy of the multicast message is sent
in flooding.
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Fig. 7. Flooding versus Broadcasting

2.5 Selective Replication

Up to this point, we have considered the task-to-task communication data struc-
tures to be fully replicated. This means that for a multicast group, the data



structure of the multicast source task is replicated at all multicast destination
tasks. We now relax this requirement and selectively replicate the data structure
of the source task only at some of the destination tasks, thus saving energy.
Consider the example of Figure 8. This is a 16-node mesh and part of the task
assignment is shown in the figure. Our focus is multicasting group A with task
A.1 being the source and the other tasks in group A being the destinations.
We selectively replicate task A.1’s data structure only at task A.4’s node. The
result is compared against full replication and no replication in Figure 9. Here,
the energy is plotted against the per-hop energy cost and it is normalized with
respect to the energy consumption of no replication. As can be seen, selective
replication results in significant energy savings.
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Fig. 8. Example for selective replication

3 Conclusion

We have constructed a model to gauge the power impact of task assignment,
network topology and routing strategies within the context of data structure
replication to decrease energy. Our results show that substantial energy savings
are possible by careful design.

Our model also gives us the ability to calculate the energy impact of new power
aware heuristics. We have adapted a Steiner tree heuristic for multicasting and
compared its energy consumption with the baseline case of minimal spanning
tree truncation.

Currently, we are studying the more general case of heterogeneous data consump-
tion rates at the destination tasks. We are also developing a heuristic which will
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Fig. 9. Advantage of selective replication

optimize the memory replication needs of each task.
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